Estimates of lung cancer in nonsmokers due to exposure to environmental tobacco smoke (ETS) in the workplace or in the home may be developed in several ways. Estimates may be based on a) models developed using the full range of data in smokers; b) models developed using data restricted to smokers with a low smoking rate, for example, < 10 cigarettes per day; c) models developed using data from studies of residential exposure to ETS of nonsmokers, with exposures based on smoking rates of spouses; and d) models using data from studies of occupational exposure to ETS of nonsmokers. Methods a and b require an estimate of cigarette equivalent exposure for ETS as well as assumptions on the cigarette equivalent dose to target cells from ETS and on the comparability of lung cancer risk per unit dose from smokers and nonsmokers. Summary relative risks (RRs) and 95% confidence intervals (Cl) from ETS studies of nonsmokers with exposures based on smoking patterns of spouses are 1.24 (1.1, 1.4) for females and 1.34 (1.0, 1.8) for males, whereas the RR estimate for occupational ETS exposure and its 95% Cl is 1.39 (1.2, 1.7). Using RR estimates for ETS exposure, cigarette equivalents for ETS range from 0.1 to 1.0, based on a range of descriptive and biologically motivated models in active smokers; a cigarette equivalent is 0.2 based on a comparison of log-linear trends in RR with number of cigarettes smoked per day in active smokers and in spouses of nonsmokers. Estimates of risk from ETS exposure in nonsmokers may be based on models developed using the full range of smoking data or from data on low-exposed smokers, for example, those smoking < 10 cigarettes per day. The restricted data are more directly relevant to the range of ETS exposure encountered by nonsmokers. Applicability of risk estimates from models based on active smokers requires that there is an estimate of cigarette equivalent exposure in active smokers that is related to ETS exposure, and the consequences of exposure from one cigarette equivalent are the same in active smokers and in those exposed to ETS. Puntoni et al. (4) 
Models are used to synthesize complex patterns of associations within data. In the case of lung cancer risk with exposure to environmental tobacco smoke (ETS) among nonsmokers or with duration and rate of cigarette use among smokers, models bridge the gap between the needs of risk estimation and the availability of data, as often there are insufficient data to estimate with precision relative risks (RRs) for every exposed subgroup of interest.
Two types of modeling approaches have been applied (1) . In the descriptive approach, statistical models are applied to epidemiologic data and used to summarize lung cancer rates as a function of smoking characteristics and other covariates. For example, investigators find that the RR of lung cancer increases with duration and rate (number of cigarettes smoked) of cigarette use and decreases with time since cessation of smoking (of the individual, or in the case of ETS, of the spouse or co-workers). In addition to those factors, other potential risk factors include age at start of smoking, age at risk, other lung diseases, occupation, diet, and sex. Descriptive models allow the evaluation of a diverse set of potential risk factors with few a priori assumptions about the form of the functional relationship between risk and the covariates. Descriptive models are developed one step at a time, with the addition of covariates and the specification of their functional forms based on formal statistical tests. Descriptive models are sufficiently flexible that expected biologic effects of exposure can be qualitatively or quantitatively incorporated into the modeling. The validity of the elements of a model and the inclusion of specific covariates can be directly evaluated within the data. However, with limitations in the amount and range of data, descriptive models are often rather crude, yielding at best a rough characterization of disease rates.
Biologically motivated models seek to provide a link between disease risk and underlying biologic processes. The estimated parameters are then interpretable within the mechanistic framework and may provide meaningful biologic insights. Two biologically motivated models that have been applied to lung cancer data are the Armitage-Doll multistage model (2) and the Moolgavkar-Knudsen two-stage clonal expansion model (3) . Although biologically motivated models may provide a link to disease processes, the biologic basis of the model cannot be validated within the epidemiologic data. Both descriptive and biologically motivated models permit estimation of lung cancer risks over a broad range of smoking rates and durations, in particular at levels of exposure comparable with ETS exposure in nonsmokers.
Several methods are used to estimate lung cancer risks with ETS exposure (Table 1) .
Estimates of risk from ETS exposure in nonsmokers may be based on models developed using the full range of smoking data or from data on low-exposed smokers, for example, those smoking < 10 cigarettes per day. The restricted data are more directly relevant to the range of ETS exposure encountered by nonsmokers. Applicability of risk estimates from models based on active smokers requires that there is an estimate of cigarette equivalent exposure in active smokers that is related to ETS exposure, and the consequences of exposure from one cigarette equivalent are the same in active smokers and in those exposed to ETS. Puntoni et al. (4) 
Meta-Analysis ofETS Exposure Studies
A number of meta-analyses of ETS exposure and lung cancer risk have been conducted (7, 8, (10) (11) (12) . A recent review lists 37 ETS studies of lung cancer, including 4 cohort studies and 33 case-control studies (11) . These studies were conducted in nonsmoking women whose spouses smoked; 9 of the 37 studies also include nonsmoking males with smoking spouses. [Hackshaw et al. (11) Hackshaw et al. (11) report on a dose-response analysis for studies with available data. Sixteen studies of nonsmoking females with a smoking spouse provide RRs by number of cigarettes smoked per day by the spouse. Eleven studies report RRs by categories of number of years a women lived with a smoking spouse. For both exposure measures, RRs increase approximately log-linearly with number of cigarettes smoked per day and with duration of exposure.
Hackshaw and colleagues (11) also consider the problem of the effects of various types of bias on the summary estimate of RR for ETS exposure. They consider a) misclassification bias from including current or former smokers as nonsmokers; b) exposure to ETS from other, nonspouse sources in the referent group of nonexposed; and c) confounding by low fruit and vegetable consumption. They conclude that the effects of bias from overestimation of RR from a and the underestimation of RR from b are likely to balance, and that any possible confounding from c is minimal. Their adjustments result in little practical change in the overall estimated summary RR from ETS exposure.
Critics raise the possibility that results may be influenced by publication bias, where studies with null results or negative results are less likely to be published. Figure 1 shows a funnel plot of the study-specific RRs for ETS exposure on a log scale by the standard error of ln(RR). Variation in study estimates due to random statistical error results in a funnel pattern with an increasing spread of points with increasing standard error. The figure provides little evidence of a publication bias, although there is some suggestion of a dearth of estimates from smaller or less powerful studies (large standard errors) with null results.
In the meta-analysis of Hackshaw et al., there is no overall statistically significant heterogeneity in the results from the ETS studies. The radial plot, where standardized coefficients are plotted against their inverse standard errors, illustrates study variability (13) . Estimates from ETS and lung cancer studies are shown in Figure 2 (18) . Analyses also evaluate the risk associated with other aspects of smoking, such as nonfiltered/filtered cigarettes, high-tar/lowtar cigarettes, the effects of switching from nonfiltered/high-tar cigarettes to filtered/lowtar cigarettes, types of tobacco, and depth and frequency of inhalation of tobacco smoke. Cigarettes per day Figure 3 . Relative risks by number of cigarrettes per day, together with estimated linear and log-linear models, and predictions from Doll and Peto (19) (dashed line) and Darby and Pike (22) (dotted line). Standardizing for exposure rate, the incidence increases with duration of smoking, characterized as age minus 22.5, to the 4.5th power. The authors note that the fit for the duration models is similar regardless of the number of years between 0 and 34 that are subtracted from age. The model selected to represent the annual incidence of lung cancer for the British doctors is: 0.273 x 10-12 (cigarettes/day + 6)2 (age 22.5)4.5
This model suggests that for a fixed age at risk, the RR as a function of number of cigarettes smoked per day (x) and relative to nonsmokers is described by RR(x) = (x + 6)2/36.
This curve fits the RRs for low exposures quite well (Figure 3 ). (2, 20, 21) . As a consequence of the multistage model, the background incidence rate at age t is proportional to tll, and a plot of log-incidence against log-age results in a linear function with slope k-l. Based on data from nonsmokers, the incidence rate increases approximately with the 4th power of age, suggesting five stages in the carcinogenic process (22) . Among smokers, incidence increases more rapidly with age; however, when incidence is plotted against duration of exposure, incidence increases again with approximately the 4th power. The relationship between incidence and the square of smoking rate is interpreted as evidence that smoking affects more than one stage of the carcinogenesis process (22 In a joint analysis of the British doctors' data and data from a cohort of Colorado Plateau uranium miners exposed underground to radioactive radon, Moolgavkar et al. (26) find that the smoking effects are similar in the two populations. They conclude that cigarette smoke affects the first-stage mutation rate and the kinetics of intermediate cell division.
Summary
There are several ways of deriving RR estimates due to ETS exposure. Based on a RR of 1.27 for exposure to ETS, estimates of cigarette equivalents are similar using a) a variety of descriptive models over the full range of data in smokers or in data restricted to low-exposed smokers, or b) biologically motivated models (Table 5) . Estimates of cigarette equivalents range from 0.1 to 1.0 cigarettes per day. This range is consistent with a comparison of model-based estimates of RR of 8.17 for 10 cigarettes per day in active smokers and of 1.23 for ETS exposure to 10 cigarettes per day-a ratio of 0.2. The consistency of estimates using diverse sources of data and approaches provides confidence in the magnitude of the estimated ETS effects.
